High-precision two-photon Doppler-free frequency measurements have been performed on the CO A 1 Π -X 1 Σ + fourth-positive system (2,0), (3,0), and (4,0) bands.
I. INTRODUCTION
The carbon monoxide molecule is one of the most thoroughly studied molecules in spectroscopy, from the microwave and infrared to the optical and vacuum ultraviolet parts of the electromagnetic spectrum. This second most abundant molecule in the Universe plays an important role in the chemical dynamics of the interstellar medium, as well as in Earthbased combustion, atmospheric, and plasma science. The A 1 Π -X 1 Σ + system of CO, known as the fourth positive system, connects the electronic ground state of the molecule to its first excited state of singlet character, and it signifies the onset of strong dipole-allowed absorption features in the vacuum ultraviolet range. The present precision-frequency investigation of the (2,0), (3, 0) and (4,0) bands of the A 1 Π -X 1 Σ + system, by two-photon Doppler-free laser spectroscopy, is part of a program to apply the vacuum ultraviolet absorption lines of CO in a search for a variation of the proton-electron mass ratio at high redshift. 5 For this purpose the low-J transitions in the CO absorption bands should be calibrated at an accuracy better than ∆λ/λ < 10 
II. EXPERIMENTAL DETAILS
In this study, a narrowband pulsed-dye-amplifier (PDA) laser system is used in a twophoton Doppler-free excitation scheme for a high-resolution spectroscopic investigation of the CO A 1 Π -X 1 Σ + (2,0), (3,0) and (4,0) bands. The measurement setup is schematically shown in Fig. 1 . The PDA-laser system employed has been described previously 9 as well as its application to high-resolution studies in CO. resonance-enhanced multi-photon ionization (REMPI) scheme efficiently produces signal. In order to reduce AC-Stark effects by the ionization laser, its pulse timing is delayed by 10 ns with respect to the narrowband spectroscopy laser.
The CO molecular beam is produced by a pulsed solenoid valve (General Valve, Series 9) in a source chamber, before entering an interaction chamber via a skimmer (1. 
III. RESULTS AND DISCUSSION
In the present study two-photon resonances in the 14 The contributions to the overall uncertainty in the measurement accuracy are determined by statistical effects, AC-stark shifts, residual Doppler shift, and a chirped-induced frequency offset. In the following the two major sources of uncertainty will be discussed one by one.
The contribution by the Doppler shift and the etalon non-linearity have been discussed previously. trapolation to zero power density. Figure 3 shows the AC-Stark power extrapolation for the two-photon S(0) lines in the A 1 Π -X 1 Σ + (3,0) and (4,0) bands of CO.
From a detailed analysis it follows that the two-photon lines in the (2,0), (3,0) and (4,0)
bands exhibit different slopes in the AC-stark plots. For lines in the (2,0) and (4,0) bands, the AC-Stark shift appears to be smaller than the statistical error, as shown in the example of Fig. 3 . However, for the lines in the (3,0) band the AC-Stark effect is found to be much larger as exemplified for the S(0) transition. Such differences in slopes were also observed in the case of (0,0) and (1,0) bands. 6 All the measured transitions in the (3,0) band were independently extrapolated to zero power, and corrected for the AC-Stark shift. The ACStark effects are a measure for the polarizability of the quantum states involved, and the differences between bands indicate that the A 1 Π, v = 3 levels have a strong polarizability.
Further analysis of this phenomenon is beyond the scope of the present paper.
B. Frequency chirp in the PDA
In the frequency calibration procedure, the absolute frequency of the cw dye laser is determined from the saturated I 2 absorption spectra providing reference points known to 1 MHz accuracy. 12 Since the CO spectra were recorded with the UV-upconverted pulsed output of the PDA this requires an assessment of the frequency offset between the pulsed output of the pulsed dye amplifier (PDA) and the cw laser seeding the PDA, which is referred to as chirp. The physical mechanisms of frequency chirp in dye amplifiers, associated with time-dependent index of refraction and time-dependent gain phenomena, have been well documented.
13,15
The cw-pulse offset frequency is measured by heterodyning the amplified pulsed output of the PDA system with part of the cw-seed that is shifted by 595 MHz using an AOM, as shown in Fig. 1 the alignment of the chirp measurement. We follow procedures of chirp signal analysis involving frequency filtering and Fourier-transformation as described in Refs. 9, 13, 16 . the small frequency ranges of CO resonance lines in a single band, so that averaged values are used for correcting the final transition frequencies.
The frequency chirp is known to vary over the spatial wave front of the laser beam.
16
This phenomenon was also systematically investigated and a maximum variation in the chirp-offset of 24 MHz was found, which is included as a statistical uncertainty for the chirp-offset in the error budget.
C. Uncertainty estimates and consistency
The error budget for the CO transition frequencies is summarized in Table II . The systematic corrections, associated with chirp and AC-Stark effect are applied to each transition.
All transitions are recorded more than once, and on different days to confirm reproducibility of the results. The entry for the statistical uncertainty (1σ standard deviation) is derived from a weighted average over individual scans, and including the fitting uncertainty. The overall uncertainty in the absolute frequencies for the present data set of Table I results from taking individual errors in quadrature yielding 0.0016 cm −1 .
The consistency of the error budget can be tested by calculating ground state combination differences from the experimental data. Combination differences between S(J) and Q(J + 2), R(J) and P(J + 2), and Q(J) and O(J + 2) can be calculated and compared to the very accurately known ground state splittings from micro-wave and far-infrared rotational spectroscopy on the ground state of CO, 17 yielding the difference ∆E V . Such a comparison is graphically presented in Fig. 6 , where the transitions used in the comparison are labeled.
The comparison yields very good agreement within a standard deviation of only 0.0008 cm −1 . This is even smaller than the estimated measurement uncertainty and hence proves the internal consistency of the calibrations performed on the individual lines in the data set.
IV. CONCLUSION
High-precision frequency measurements of 43 rotational lines in CO A 1 Π - 
